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Abstract 
This paper describes experimental tests to examine the vibration characteristics in two different types of cracks in a long rotor 
shaft, a notch cut to varying depths and actual crack growth from a pre-crack. The approach was to set up experimental 
apparatus, develop a vibration detection system, and maximize the dynamic range. Fatigue crack initiation and propagation in a 
pre-cracked high carbon steel shaft was experimentally evaluated and monitored using a vibration based condition health 
monitoring method. The identification of the difference between three different pre-crack depths and five different runs after the 
crack’s   growth show shifts in the frequency spectrum and modifications to the peaks’ amplitudes. The results of the tests and 
analysis clearly demonstrate the feasibility of using vibration to detect the change in frequency of a shaft due to a change in 
stiffness such as those associated with a shaft crack. Finally, investigation was carried out on the fracture surface in order to show 
the fatigue crack depth inside the shaft. The results show the fatigue crack fracture surface along the notch depth. A section of the 
crack surface is presented in close up showing the fatigue crack beach marks, and evidence that the fatigue propagated along the 
artificial notch internal edges.   
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1. Introduction  
There is an increasing awareness that maintenance plays an important role in mechanical systems and the choice of 
the right type of maintenance strategy for right system is a crucial task [1]. An effective maintenance strategy is 
critical to many operations. It extends the system operating life, improves system availability and retains the system 
in the proper condition. Maintenance strategies for mechanical machinery which are based on machine condition 
monitoring can provide significant economic and safety advantages [2]. Rotating shafts that are subject to repeated 
bending may develop cracks which eventually make the component break. This type of problem is the subject of this 
paper. There have been many analytical, numerical and experimental studies on cracked rotors [3, 4, 5]. Sinou and 
Lees [6] investigated the influence of transverse cracks. Changes to the shaft frequencies, as well as the harmonic 
component of the dynamical system response and the evolution of the orbits are the principal effects due to the 
presence of a crack in a rotating shaft. Darpe et al. [7] experimentally investigated the effect of bow on the nonlinear 
nature of the crack response. Patel and Darpe [8] numerically and experimentally investigated the rotor whirl 
characteristics of unbalance, crack and rotor–stator rub faults with a classical Jeffcott rotor model. Differences in the 
whirl nature of the lateral vibration response of these faults are proposed for fault detection when these faults exist 
alone as well as when in combination. Antoni and Randall [9] demonstrated how the spectral kurtosis can be used 
efficiently in the vibration-based condition monitoring of rotating machines to detect incipient faults even in the 
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presence of strong masking noise while Sinou and Lees [6] obtained some distinguishing features of a cracked rotor 
by examining the evolution of the first critical speed, associated amplitudes at the critical speed and half of the 
critical speed, and the resulting orbits during transient operation. Various types of nonlinear resonances of a Jeffcott 
rotor with a crack have been investigated both numerically and experimentally by Ishida and Inoue [10]. 
This study developed a method for defect diagnosis for a rotating shaft system comprising an electric motor, a load 
and a long shaft with different pre-crack depths at the midspan and for crack growth using vibration measurement.  
2.  Experimental setup 
The test set up comprises a 50HP/37kW three phase electric motor connected to a 3 phase generator by means of a 
shaft 1450 mm long and 38 mm in diameter.   The shaft is connected to the motor and generator using Fenner® 
TaperLock™ couplings as shown in Figure 1.   These couplings rigidly couple the motor and the generator to the 
power transmission shaft. A variable resistive load was attached to the generator output. Three piezoelectric 
accelerometers (DJB type A20-J) were attached using stud mountings, one on top of the bearing housing of the 
generator nearest the transmission shaft (called Ch1), one on the motor shaft bearing housing nearest the 
transmission shaft (called Ch2) and the third in the centre of the guard covering the transmission shaft (called Ch3) 
as shown in Figure 2. The measured vibration signals from the accelerometers were fed to charge amplifiers. The 
voltage signals from the charge amplifiers were connected to an A/D converter comprising a dSPACE DS1102 DSP 
Controller Board, based on a Texas Instruments TMS320C31 floating-point processor. The DSP system is supported 
by Matlab-based software. The sampled time domain signal was converted to the frequency domain using the PSD.  
 
Figure 1 Photo of the long shaft rig without shaft cover 
3. Experimental procedures 
The aim of the work was to monitor the vibration of the system and identify changes to the vibration caused by the 
cut depth increasing.   The test system was extremely robust and a cut in the shaft was the only way to simulate or 
initialise a crack in the shaft. The maximum possible loading of the system would not have caused crack initiation in 
an undamaged shaft. The depth of the cut was increased incrementally to simulate the growth of a crack in the shaft. 
To identify when the loaded motor system reached equilibrium, a prolonged test was carried out in which the 
temperature was measured on the motor and generator bearings to ensure the tests being carried out reached a stable 
state. The results from the temperature test required the test rig to run for more than 4 hours for every defect 
condition to ensure a stable system. The following test procedure was designed around this requirement.  
3.1 The test consisted of three stages  
1) Stage one – the reference shaft, which was used to check the system behaviour had not been changed by any other 
causes, was mounted in the test rig and the frequency responses are measured. The shaft was run at 1550 rpm with a 
load of 20 KW for 4 hours until a steady state was achieved and then vibration measurements were taken at 30 
minutes intervals. This data was used to assess the differences in the system behaviour between runs. 
1800 mm 
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2) The cracked shaft was tested with different crack depths ranging between 0% and 60% of the shaft diameter as 
shown in Table 1. Between each stage of cut depth the reference shaft was mounted again and the vibration response 
evaluated to check the system behaviour had not been changed by other causes. 
3) Step two was repeated three times to confirm the vibration response data was consistent. 
3.2 Shaft defects  
Spark erosion (SE) was used to provide a method of machining an extremely fine cut (0.1mm wide) to simulate a 
crack in the shaft at 90° to the shaft axis at the shaft mid length. Any crack produced from stressing the shaft would 
occur at the highest stress point, which would be at the bottom of the SE cut (Pre-Crack). To improve detection of 
any crack the surface around the bottom of the pre-crack was polished using very fine emery. The depth of the pre-
crack was extended as shown in Table 1. 
Table 1 Pre-crack depth increase increments 
Cut depth (% of Shaft diameter) Cut Depth (mm 
0 0 
40 15.2 
50 19 
60 22.8 
4. Experimental results 
The experimental results are divided into three parts. The first set of experiments are for the healthy shaft (reference 
shaft).The reference was used for two things, firstly to check if there were any changes in the system response for 
reasons other than the crack, and then secondly to use it to compare with the shafts with defects. The cases for the 
two stages of crack, the 90°pre-crack and crack growth stage are then examined. The measured un-cracked reference 
situation is reported in Figure 2 and shows the peaks for Ch1, Ch2and Ch3that are going to be considered for 
comparing the shafts. Ch1 has three frequency ranges containing peaks. The first two peaks are from 300 to 400 Hz.  
There is then a peak between 800 to 1000 Hz, and the last peak is in the range 1000 to 1200 Hz.  For Ch2 there are 
two ranges that are going to use for comparing between un-cracked and cracked shaft. These ranges are 325 to 365 
Hz and 1100 to 1200 Hz. The Ch3 vibration represents a general measure of the vibration of the test rig, because it is 
not connected directly with any direct source of vibration (motor or load). The crack in the shaft changes the 
structural properties of the shaft which will alter the frequency spectrum produced by the shaft when operating or 
disturbed.  Thus, if these changes in the shaft vibrations can be sensed, then it is possible that the presence of a 
defect can be inferred due to a change in the frequency spectrum produced by the shaft. 
 
Figure 5 Vibration spectra of Ch1, Ch2 and ch3 with un-cut shaft (Reference situation) 
4.1 Comparison between un-cracked shaft 40, 50 and 60% pre-cracked shaft using Ch1, Ch2 and Ch3 
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The vibration obtained from Ch1, Ch2 and Ch3 with the un-cracked shaft, and 40, 50 and 60% crack depth of the 
diameter in the central section show promising results for identifying the difference between the un-cracked and pre-
cracked shafts .It can be seen from the frequencies in Table 2 that for Ch1 the peak in the frequency range 800 to 
1000 Hz reduces in frequency from the un-cracked reference case by 70.3 Hz for the 40% cracked shaft, by 85.9 Hz 
for the 50% pre-cracked shaft and 107 Hz for the 60% pre-cracked. The lower frequencies also shift but by smaller 
amounts.  The results in Table 2 show that for the two peaks identified, Ch2 follows the same trend as Ch1 with the 
largest shift from the reference to the 40% cut and progressive reduction in frequency as the cut depth increases. 
Ch3 gives a similar although somewhat less clearly defined trend. 
 
Table 2 Frequency peaks of 90° Pre-crack for different pre-crack depths   
 Frequency for different 90° pre-crack  (Hz) 
 Depth(% of shaft diameter) 
Frequency range Hz 0% 40% 50% 60% 
Ch1 290 to 310  296.9 293 291 291 
Ch1 310 to 330 324.2 320 318.4 316.4 
Ch1 800 to 960 988.3 918 898.4 880.9 
Ch2 325 to 365 351.6 347.7 345.7 343.8 
Ch2  1120 to 1170  1170 1154 1148 1145 
Ch3 190 to 230 214.8 210.9 210.9 209 
Ch3 500 to 550   531.3 525.4 527.3 525.4 
5. Vibration signal result for crack growth results 
This section addresses the use of vibration sensing for the diagnosis of the shaft condition for a shaft with a crack 
propagating under normal running conditions.  All the effects seen in this section should be due to crack growth. 
Once it was suspected that a crack had grown in a shaft, the shaft was removed, once, initially from the test rig and 
inspected by magnifying glass and the dye penetrant method.  The crack was found in a small length as indicated by 
the arrow point in Figure 5.  The crack can be seen by using the dye penetetrant method. The shaft was reinstalled 
and run under the same load and same speed and examined every four hours for crack growth. The shaft was run 5 
times, each time for about 4 hours. The rotation speed of the shaft was 1550 rpm. The crack was monitored and the 
crack growth found after every run. In the following section, we are going to discuss the crack affects in vibration 
for Ch1 and Ch2 only.  The third position, Ch3, was not used as the cover was removed many time times during this 
part of experiment.  
5.1 Identification of crack growth in shaft by Ch1 
The vibration obtained for Ch1 with five different runs for the pre-cracked shaft show a very good result to identify 
the crack growth. We will focus in on ranges 0 to 50 Hz, 266 to 315 Hz, 315 to 370 Hz and 760 to 960 Hz.  Figure 
3a shows that the amplitude of the peak in the frequency range 0 to 50 Hz increases as the number of runs increases 
but stays constant at 27.34 Hz. In this case, the identification of the difference between five different runs might be 
inferred by an increase in the amplitude. The frequencies ranges 265 to 315 Hz and 266 to 315 Hz show a very good 
result for detecting the crack growth by a clear increase in the amplitude and by the frequency shifting to the left (a 
frequency decrease). However, for the frequency range 760 to 960 Hz although the frequency decreases the 
amplitude of the peak reduces. 
5.2 Identification of crack growth in shaft by Ch2 
For Ch2 in the frequency range 320 to 370 Hz, the identification of the difference between the five different runs is 
again found not only by the frequency shift, but also by a decrease in the amplitude as shown clearly in Figure 4a. In 
the frequency range 1100 to 1170 Hz, shown in Figure 4b, the frequency reduces consistently compared with the 
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first run however the amplitude decreases over the first three runs but then increases in the last 2 runs although it 
does not reach the value for the first run.   
 
 
 
Figure 3 Vibration spectra of Ch1 for different cracks frequency ranges (a) 0-50 Hz (b) 265-315 Hz (c) 320-370Hz (d) 760-960 Hz 
 
Figure 4 Vibration spectra of Ch2 for different cracks frequency ranges (a) 320-370 Hz (b) 1100-1170 Hz 
6 Microscopic cracks observations 
 
 
Figure 5 Cracks on the shaft body and fracture surface of fatigue crack     Figure 6 Fatigue crack internal propagation stages along the notch 
Confirmation of the crack propagation was undertaken using non destructive testing methods (liquid dye penetrant) 
and by visual examination.  The results of the visual inspection are shown in Figure 5 and reveal a branched crack 
originating from the cut toward the shaft body as indicated by the arrows.  The results of investigation using low 
power magnification microscope, at magnifications of 2.5X and 5X respectively are shown in Figures 5 (b & c). The 
images illustrate that the main first crack branched into two deep cracks with less branches. This is typical of fatigue 
crack propagation. After the crack had been run for different intervals, the shaft was taken to artificial failure using 
liquid nitrogen and impact.  Figure 5 (d) shows the two halves of the shaft with the depth of artificial notch and the 
b 
c d
a b
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fracture surface of failure.  Figure 5 (e) reveals the fracture surfaces of initiation and propagation baths. The figure 
clearly shows that the crack initiated at the artificial notch and propagated in a fatigue mode. The crack has the three 
main stages of fatigue crack initiation at defects, here are the edges of the notch, the second stage is the propagation 
stage and in this case the crack has the beach marks indicative of the slow propagation manner of the crack and then 
finally the crack propagated fast in radial marks due to the fracture.  More investigation was carried out on the 
fracture surface in order to show the fatigue crack depth inside the shaft. The result is shown in Figure 6. Figure 6 
(a) shows a general view for the fatigue crack fracture surface along the notch depth. Portioning the crack surface is 
shown in close view at the fatigue crack beach marks are shown in Figure 6(b-d). Evidence that the fatigue 
propagated along the artificial notch internal edges is observed. 
7. Conclusion 
• The vibration response obtained from the un-cracked shaft and shafts containing Pre-cracked of, 40, 50 and 
60% of the shaft diameter in the central section provides a good method of identifying the cut depth using the 
shifts of the peaks in the spectrum. The peaks in the frequency ranges from 0 to 1200 Hz shift typically by 2 to 
107 Hz from the reference case. 
• The vibration obtained from the motor and load at different stages of crack growth in the pre-cracked shaft 
show the potential to identify the crack growth some by amplitude changes in some cases, and by frequency 
shifts and amplitude changes in others. 
• Propagation of the crack for the pre-cracked shaft was confirmed by microscopy of the fracture surface after the 
tests were complete.  
• Crack growth is observed from vibrating results match with stages of crack observed from the fracture surface. 
It has shown when crack increased the peaks position shift to the left and by changing amplitude of the peaks. 
The comparison of the vibration results and the beach marks broken shaft is shown very clear, there is 
significant relation between stages of crack growth and vibration results.  
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